Celsius degrees or Kelvins
To obtain Celsius (C) temperature readings use formula: C = (5/9) (F -32).
To obtain Kelvin (K) Engineers, Coastal Engineering Research Center, 1977) . He assumed that there is some critical deepwater wave steepness below which the reflection coefficient is a constant. For conditions where wave steepness is greater than the critical value, the reflection coefficient is proportional to the ratio of the wave steepness to the critical value of wave steepness. Predictions using Miche 's approach give the right order of magnitude estimate of the reflection coefficient, but as Ursell, Dean, and Yu (1960) illustrated, predictions may be conservative by a factor of 2.
Moraes (1970) Madsen and White (1976) made a number of additional carefully controlled reflection measurements for smooth and rough steep-sloped structures under nonbreaking wave action. Based on these data, they developed an analyticalempirical model for predicting reflection coefficients for rough slopes with nonbreaking waves.
Battjes (1974) (surging) waves. Ahrens (1980) has made a number of irregular wave reflection coefficient measurements for overtopped and nonovertopped plane smooth slopes.
A number of wave reflection measurements for laboratory breakwaters have been made.
Seelig (1980) investigated rubble-mound and caisson breakwaters using monochromatic and irregular waves. Brunn, Gunbak, and Kjelstrup (1979) measured reflection coefficients for rubble-mound breakwaters and proposed an empirical prediction technique. Additional breakwater reflection data are available in Debok and Sollitt (1978) and Sollitt and Cross (1976) . Madsen and White (1976) give a procedure for predicting reflection from rubble-mound breakwaters for nonbreaking waves.
Chesnutt and Galvin (1974) and Chesnutt (1978) have made some of the most detailed measurements available of wave reflection from laboratory sand beaches. Little prototype data are available; however, Munk, et al. (1963) and Suhayda (1974) reported reflection measurements for beaches exposed to extremely low steepness swell waves.
III.
EXPERIMENTAL TECHNIQUES
The primary emphasis of this report is on the reanalysis of existing data from a number of published sources. However, some additional laboratory data were taken to supplement the sources; these data are reported in Appendix A.
Goda and Suzuki's (1976) method was used to determine wave reflection coefficients.
This method was selected because with the test setup used it gave consistent results which are as reliable as obtainable with other currently used procedures. Experience with this technique suggests that the error is on the order of 5 percent. A typical wave gage setup is illustrated in Figure 2 , and a detailed discussion of the analysis method given in Appendix B. The test procedure uses three gages, located a minimum of 6 Delaware, personal communication, 1980) . This allows the wave energy appearing in harmonics of the prim.ary wave to be considered in determining the reflection coefficient (App . B) IV.
FACTORS INFLUENCING WAVE REFLECTION
The conversion of wave energy concept is useful for defining the interrelation between the wave reflection, dissipation, and transmission coefficients. Assuming that the water depth remains constant seaward and leeward of the structure the partition of wave energy is given by 1 = K| + k2 + k2 (2) where Kr is the reflection coefficient, K? the ratio of wave energy lost through dissipation to the total incident wave energy, and K^a transmission coefficient including transmission through a permeable structure and transmission by overtopping for a low-crested structure. In an idealized monochromatic wave situation where there are no transfers of wave energy to other wave frequencies, Kr =^(3) and^ ( 4) H-j where %, H^., and H^are the incident, reflected, and transmitted wave heights, respectively (see Fig. 1 ).
Rearranging equation (2) gives Kr =Vl -(Kl + k2) (5) which clearly shows that any process that increases the sum^K? + k|^will cause the reflection coefficient to decrease. Figure 3 illustrates equation (5) and the nonlinear relation of the variables. Note that for a given value of the transmission coefficient the reflection coefficient may be very sensitive to the amount of energy dissipation.
In addition, with no transmission large values of energy dissipation will allow the reflection coefficient to be relatively large. For example, with 90-percent energy dissipation and no transmission, the reflection coefficient is 0.31 (see Fig. 3 ). TYPES OF STRUCTURES AND RANGE OF CONDITIONS TESTED where Lq is the deepwater wavelength given by linear wave theory, and m the tangent of the slope of the seabed seaward of the structure.
Pet Wove Energy Dissipated
Other variables summarized in Table 1 include dimensionless ratios using Hj^, the incident wave height (significant height for irregular waves) at the toe of the structure; T, the wave period (period of peak energy density for irregular waves); and L, the wavelength at the toe of the structure.
Only those tests with fully turbulent hydraulic conditions are considered in order to minimize the influence of viscous effects (Jonsson, 1966 (Jonsson, 1966; Madsen and White, 1976) .
VI.
TECHNIQUES FOR PREDICTING REFLECTION AND ENERGY DISSIPATION COEFFICIENTS
Section IV showed the strong dependence of the magnitude of the reflection coefficient on the amount of wave energy dissipated (also on the amount of wave energy transmitted in the case of a permeable or overtopped structure) .
In this section, factors that influence the reflection coefficient are systematically investigated, and empirical prediction formulas are developed. Types of wave energy dissipation considered include losses in energy due to structure-induced wave breaking and wave modification, breaking at the toe of a structure or in the surf zone seaward of the structure, structure surface roughness, and internal flow in permeable sections of a structure. 
Modification of the Wave by the Structure (Smooth Slopes).
For a structure with a toe water depth-to-wave height ratio greater than five and wave steepness much less than one-seventh, the interaction of the wave and structure will have dominant control on the magnitude of the reflection coefficient. Miche (1951) proposed that the reflection coefficient for this situation is proportional to the ratio of a critical wave steepness to the incident wave steepness. The critical steepness is where Ho is the deepwater wave height, and the angle the structure slope makes with the horizontal, in radians. Miche 's equation gives conservative results. For example, it overpredicts monochromatic wave reflection from a 1 on 15 slope by a factor of 2 (Ursell, Dean, and Yu, 1960) .
Battjes (1974) Battjes (1974) is assuming an equation similar to the formula proposed by Miche (1951) where the critical steepness is V^o/crit 1 tan-^^e (12) This criterion gives lower and more realistic values of the reflection coefficient than Miche (1951) and is especially useful for 5 < 2.3 v/here breaking is induced by the structure (for plunging breakers) . Figure 4 shows the comparison between the equations of Battjes (1974) and Miche (1951) .
The following revised equation, Kr = tanh (0.1^^) (13) is recommended to give a conservative prediction of reflection coefficients. At small values of the surf similarity parameter (5 < 2.3), 0.1 5^-tanh (0.1 C^) (14) and equation (13) gives the same results as equation (10) . At larger values of the surf similarity parameter, E., equation (13) asymptotically approaches 1.0 and gives an upper bound closer to the data than equation (10) (see Fig. 4 ).
An improved equation for predicting reflection coefficients with less error in the estimates is K^= a K' S^+ 1 + (15) where a and 3 are empirical coefficients determined from the laboratory data (e.g., Fig. 4 ). The value of 3 increases as the slope becomes flatter and is larger for irregular waves than for monochromatic waves (Fig. 5 ). For slopes with cotO < 6, the suggested prediction coefficients are a = 1.0 and 3 = 5.5 with the equation, Breaking at the Toe or Seaward of the Structure .
If the water depth at the toe of the structure is less than five times the incident wave height or if the wave steepness is large, significant additional wave energy loss may result from wave steepness/water depth-limited breaking. The dimensionless ratio describing this type loss is the ratio of the incident wave height to the maximum possible breaker height, (Hi/H]-,) , where H^^is given by equation (7). This ratio includes the influence of offshore slope, water depth at the toe of the structure, and wave steepness, and gives a measure of breaking at the toe. The suggested empirical coefficient to account for this type energy loss in predicting reflection coefficients is a = exp [ - [--(l) '-1 (17) for use with equation (16) Armor units placed on the surface of a smooth structure will increase the amount of energy loss in a wave encountering the structure, thereby reducing the amount of wave reflection. Figure 6 illustrates the joint influence of a relative armor roughness parameter, /d/L cote, and a relative breaking height parameter, H^/H^, on the reflection coefficient reduction factor, a. An examination of equation (18) and Figure 6 indicates that if all other factors remain fixed, the reflection coefficient will decrease as the ratio of the stone size to wavelength, d/L, increases, as the cotO increases (the slope becomes flatter), or as the ratio of the incident wave height to the breaking wave height, (H^/H. ) , increases. Figure 7 shows a comparison between predicted reflection coefficients using equations (18) and (16) versus observed reflection coefficients for monochromatic and irregular waves on a 1 on 2.5 slope armored with one layer of stone with d/dg = 0.15. The correlation coefficient is 0.98 for monochromatic waves and 0.94 for irregular waves.
The ratio of armor stone diameter to incident wave height, d/H^, on the average has little influence on the reflection coefficient for one layer of armor, so this parameter is not included in equation (18) .
Some deviation from equation (18) occurs where stone size is much larger than wave height and resulting predictions are conservative. For example, where the stone size-towave height ratio is greater than 2.0, equations (16) and (18) overpr edict reflection coefficients by an average of 6 percent. Influence of Multiple Layers of Armor .
As the number of layers, n, of armor on a revetment increases, the amount of wave energy dissipated increases and the reflection coefficient decreases. In addition, as the size of the stone increases relative to the wave height, the roughness becomes more effective and the reflection coefficient decreases. Only one slope, cotO = 2.5, and stone size-to-water depth ratio, d/dg = 0.15, was tested.
5.
Wave Reflection from Sand Beaches .
Chesnutt (1978) has the most extensive data set of wave reflection coefficients from laboratory sand beaches. Unfortunately, there are little prototype data available. Chesnutt and Galvin (1974) and Chesnutt (1978) found that many factors influence the magnitude of the reflection coefficient. Their data suggest that
can be used to estimate reflection coefficients with the beach slope at the Stillwater level intercept used to determine ?. Use a = 1.0 for conservative estimates of K^and a = 0.5 to give predictions of the average reflection coefficient measured throughout a test (Fig. 8 ). Ninety-five percent of all observed laboratory breakwater wave reflection coefficients fall below this prediction equation for data sets c, d, g, and h outlined in Table 1. More reliable predictions of wave reflection coefficients for rubble-mound breakwaters may be made using the method of Madsen and White (1976) (also see Seelig, 1979) .
Equations (16) and (18) should be used with the Madsen and White (1976) method to estimate energy dissipation on the seaward face of the breakwater caused by the outer layer of armor units. Figure 9 shows sample laboratory measurements (Sollitt and Cross, 1976) and predicted reflection and transmission coefficients for a rubble-mound breakwater. Observed and predicted reflection coefficients have the best agreement for wave conditions in the turbulent zone, but deviate where the Reynolds number becomes less than 10 due to laboratory scale effects. Spectral Resolution of Wave Reflection .
The significant wave height and period of peak energy density are used to characterize irregular wave conditions in this report. However, a more detailed analysis shows that the reflection coefficient varies as a function of wave frequency for irregular waves. Figure 10 illustrates the decrease in reflection coefficient as a function of wave frequency that is typical of waves breaking on a smooth impermeable 1/2 slope (C < 2.3). Nonbreaking waves have a different characteristic shape of the reflection coefficient as a function of wave frequency. Kj- increases as a function of f for frequencies higher than the frequency of peak energy density (Fig. 11) . The shift to high frequencies seems to occur because wave energy is transferred from low to higher frequencies due to nonlinear effects when the waves interact with the structure. Note that this energy shift may produce a range of wave frequencies in which more wave energy is moving away from the structure than is incident to the structure, and the local reflection coefficient may be larger than 1.0 over this range of frequencies.
Caution should be used when trying to obtain information from the highest frequency part of the spectrum above approximately the 95-percent cumulative energy density level because the signal-to-noise ratio is low and the wave speed is poorly known (Mansard and Funke, 1979 
EXAMPLE PROBLEMS
The following example problems illustrate the methods of predicting reflection coefficients presented in this report. **************^E XAMPLE PROBLEM 1* *************** GIVEN:
A smooth impermeable revetment (nonovertopped) has a toe water depth, dg = 7.62 meters, a slope cotO = 2.0, and the offshore slope is m = 0.02.
FIND ;
The wave reflection coefficient and fraction of wave energy dissipated for a wave with R^= 3.05 meters and T = 10 seconds.
Illustrate the influence of wave height and period on K^. and show the effect of reducing the slope to cot6 = 5.
SOLUTION:
From equation (7) The energy dissipation coefficient for this example is K^= 0.69, or 69 percent of the incident wave energy is dissipated (from Fig. 3 ). Other reflection coefficient calculations for 5-, 10-, and 20-second periods for wave heights between 0.3 and 4.4 meters are summarized in Figure 12 , Predictions are also shown for a structure with cotO = 5. Figure 12 illustrates the influence of wave height, period, and structure slope on K^.. ************** *EXAMPLE PROBLEM 2* ************** * The energy dissipation coefficient from Figure 2 is Kg = 0.86, 86-percent dissipation or 17 percent more dissipation than occurred for the smooth slope (see example problem 1). Sample predicted reflection coefficients are given in Figure 13 . The preliminary information in Table 2 suggests that further reduction in the reflection coefficients could be achieved by adding a second layer of armor (n = 2) for wave heights less than 3 meters (Fig. 13) . 
SUMMARY
Methods for predicting wave reflection and dissipation coefficients for beaches, nonovertopped revetments, and breakwaters are presented. Types of wave energy dissipation considered are wave breaking induced by the structure, wave breaking at the toe of the structure, turbulence produced by wave interaction with the outer layer of armor, and flow through additional layers of armor.
These techniques are combined with the method of Madsen and White (1976) to estimate reflection and transmission coefficients for permeable rubble-mound breakwaters.
Factors considered when making reflection coefficient estimates include structure slope, water depth at the toe of the structure, offshore slope, incident wave height and period, the size and number of layers of armor units, and the type of structure.
Techniques presented apply to breaking and nonbreaking (surging) waves and can be used for monochromatic and irregular wave conditions. LITERATURE CITED AHRENS, J. P., Unpublished irregular wave reflection data, U.S. Army In these experiments wave records were sampled simultaneously at three wave gages (Fig. 2) at a rate of 16 times a second to obtain 4,096 data points for each run. An FFT was then performed on each wave gage record to determine real and imaginary spectral coefficients, A and B, at each spectral line j. Let the subscripts i and 2 indicate the landward and seaward gages in a pair. The reflected and incident wave amplitudes for each gage pair for each spectral line are then given by Irregular wave information is displayed in the form of band spectra, using 11 lines per band and using a variation of equation (B-6) to determine the reflection coefficient for each band.
In the case of monochromatic waves, a nonlinear waveform is described by a Fourier series with each component moving at the speed of the primary wave, and equation (B-6 ) is used to determine the reflection coefficient.
APPENDIX C NONLINEAR WAVELENGHTS AND WAVE SPEED
In the real-time analysis of wave reflection it is necessary to know the wavelength or wave speed. Linear theory gives excellent predicitons for low steepness waves, but tends to underestimate both length and speed for large waves . Dean (197A) gives tabular values of wave speed and wavelength for finite height waves that can be approximated by the empirical relation.
where L and C are wave speed and wavelength, L^and C^are deepwater wave speed and wavelength determined from linear theory where 
